Dynamic change of groundwater storage is one of the most important topics in the sustainable management of groundwater resources. Groundwater storage variations are firstly isolated from the terrestrial water storage change using the Global Land Data Assimilation System (GLDAS). Two datasets are used: (1) annual groundwater resources and (2) groundwater storage changes estimated from point-based groundwater level data in observation wells. Results show that the match between the GRACE-derived groundwater storage variations and annual water resources variation is not good in six river basins of Northern China. However, it is relatively good between yearly GRACE-derived groundwater storage data and groundwater storage change dataset in Huang-HuaiHai Plain and the Song-Liao Plain. The mean annual depletion rate of groundwater storage in the Northern China was approximately 1.70 billion m 3 yr −1 from 2003 to 2012. In terms of provinces, the yearly depletion rate is higher in Jing-Jin-Ji (Beijing, Tianjin, and Hebei province) and lowest in Henan province from 2003 to 2012, with the rate of 0.70 and 0.21 cm yr −1 Equivalent Water Height (EWH), respectively. Different land surface models suggest that the patterns from different models almost remain the same, and soil moisture variations are generally bigger than snow water equivalent variations.
Introduction
As the world's largest distributed store of freshwater [1] , groundwater supplies approximately half of the total global domestic water demand and is a major supplier of industrial and agricultural demands [2] . However, in many regions of the world, groundwater resources are under intense stress due to salinization, contamination, and rapid groundwater depletion [3, 4] . Especially in some coastal cities, the situation is getting even worse. In China, close to 50% of the population lives in the coastal provinces and major cities [5] . Statistics show that Tianjin, Liaoning, Shandong, and Hebei, the four coastal cities in Northern China, had 15.5, 43.8, 98.5, and 74.3 million inhabitants, respectively, in 2016 [6] . Rapid urbanization and increasing population are putting more pressure on groundwater resources. In addition, overexploitation of groundwater resources will lead to more serious consequences compared with inland cities, such as saltwater instruction and coastal erosion. Therefore, effective monitoring of groundwater storage (GWS) variations is important for groundwater management. To monitor changes in the availability of groundwater, hydrological scientists mainly rely on observation wells. However, in arid regions or mountainous areas, it is difficult to obtain the regional GWS variations from wells because the observation wells are generally limited [7] . The Gravity Recovery and Climate Experiment (GRACE) satellite mission provides approximately monthly changes in terrestrial water storage (TWS) on the basis of measurements of the Earth's gravity field [8] [9] [10] . Nonhydrological gravitational contributions are removed from GRACE level-2 data based on numerical models of the processes, including atmospheric and ocean circulation and solid Earth tides, to present TWS variations [11] . Therefore, temporal variation in the gravity field is mainly due to terrestrial water storage change (TWSC), which is a vertically integrated measurement of groundwater, soil moisture, snow, ice, and surface water [12] . GWS variations have been estimated in many parts of the world using the GRACE satellite data. One of the most promising applications of GRACE is to monitor the variations of land water or terrestrial water storage, in particular relatively large scale variations [13] . Rodell and Famiglietti [14] showed that it was feasible to use GRACE to sense groundwater changes in the High Plains aquifer of the central USA. Yeh et al. [15] found that groundwater estimates from GRACE agreed reasonably well with in situ observations in Illinois, USA. However, they noted that the agreement between the two results varied substantially from month to month. In general, the seasonal cycles between the estimated and measured groundwater changes agreed well with each other (the correlative coefficient is 0.83 with 36 observations). Leblanc et al. [16] performed a study of the multiyear drought in the Murray-Darling Basin, documenting the propagation of water deficits through the hydrological cycle. They found a high correlation between the observed groundwater variations from boreholes and the GRACE TWS estimates. Famiglietti et al. [17] studied the GRACE data in the Central Valley of California and concluded that groundwater was depleted at an annual rate of 20.4 ± 3.9 mm Equivalent Water Height (EWH) in the valley, which was approximately two-thirds of the total water loss in the river basins. More recently, Sun et al. [18] formulated a means of estimating aquifer storage parameters from remotely sensed observations and modelled Soil Moisture Storage (SMS). They found that their estimated aquifer storage parameters were consistent with previous results derived from in situ observations and concluded that GRACE data can be used to derive spatially variable parameters for groundwater modelling.
Serious groundwater overdraft occurs in many arid and coastal regions of China. For example, in the Huang-HuaiHai Plain (HHHP), close to Yellow sea and the Bohai sea (Figure 1 ), groundwater overdraft has caused rapid water level decline and saltwater intrusion since the 1980s [19, 20] . The allowable deep groundwater resource is 2.06 billion m 3 yr −1 . However, the yearly averaged groundwater utilization from 2003 to 2010 was more than 2.94 billion m 3 [21] . Furthermore, the groundwater depletion rate estimated from monitoring well stations was between 2.0 and 2.8 cm yr −1 from 2003 to 2010 [22] . To relieve the stress of groundwater overdraft, the Chinese government has invested over one billion yuan to implement the national groundwater monitoring project in recent years, which is jointly carried out by the Ministry of Land and Resources and the Ministry of Water Resources, China. Compared with the vast area of China, these existing observations wells are still limited. In addition, the Southto-North Water Transfer (SNWT) Project has been carried out to channel 44.8 billion m 3 of fresh water annually from the Yangtze River in southern China to the more arid and industrialized north through three canal systems [23, 24] . The SNWT Project has Eastern, Central, and Western routes. The Central Route of the SNWT Project runs from Danjiangkou Reservoir in Hubei Province on the Han River, a tributary of the Yangtze River, to Beijing, Tianjin, and Hebei Province (denoted as Jing-Jin-Ji for short) (Figure 2 ), which will relieve the stress of the demand for water resources in these areas [25] . In this paper, soil moisture and snow water equivalent simulated from Global Land Data Assimilation System (GLDAS) are removed from the TWS changes observed by GRACE to estimate the groundwater variations and characterize their interannual variability. Two official datasets, Water Resources Bulletin of China and Monthly Reports of Groundwater Changes in the North of China by the Ministry of Water Resources (MWR), China, are used to evaluate the reliability of GRACE-derived GWS changes. Moreover, the rate of change of GWS is estimated for six basins and main provinces in Northern China, and these results will provide valuable scientific data for the rational use and management of groundwater resources in China. Finally, the measurement and leakage errors from GRACE data processing and the influences of different hydrological models on derived GWS variations will be discussed.
Method
The monthly GRACE-derived TWS data are freely downloadable. In areas where other water components are available, the groundwater storage variations can be calculated from the TWS variations [30] . TWS is a vertically integrated measurement of water storage changes that represents the sum of soil moisture, groundwater, surface water, snow, and ice. Rodell and Famiglietti [31] demonstrated that surface water storage variability in Illinois (USA) was, in nonflood years, at least an order of magnitude smaller than soil moisture and groundwater variability. The contribution of snow water to terrestrial water storage variability in the Mississippi River basin approaches 1 cm in some cases but is small compared to that of soil moisture. Therefore, the assumption is made here that regionally averaged surface water variability can be neglected in Northern China [11] . Groundwater, soil moisture, and snow water equivalents are therefore the only significant contributors to the variability in whole water storage observations. Thus, given GRACE-based estimates of changes in terrestrial water storage (ΔTWS) and numerically modelled changes in soil moisture (ΔSM) and snow water equivalents (ΔSWE), changes in groundwater storage (ΔGW) are calculated as follows:
where Δ denotes monthly or yearly change. SM refers to volumetric soil moisture content, which is the volume of water stored within the soil column. In this study, GRACEderived groundwater storage changes will be compared with GWS changes estimated from the two official datasets.
TWS from GRACE.
In this study, Release-05 of GRACE (GRACE-RL05) is used to derive the TWS from 2003 to 2012. GRACE-RL05 is more accurate than previously released products [32, 33] . This is because the destriping procedure applied requires less spatial smoothing compared with the earlier versions of GRACE. For filling of missing months, linear interpolation was used according to Landerer and Swenson [28] . Specific gridded files include a monthly, [36] . The degree-1 coefficients (Geocenter) are estimated using the method from Swenson, Chambers, and Whar. A decorrelation filter was used to suppress stripe noise, and smoothing with 300 km Gaussian filters [37] is applied to suppress noise at higher degrees and orders. A destriping filter has been applied to the data to minimize the effect of correlated errors whose telltale signals are N-S stripes in GRACE monthly maps. In addition, the hydrological signal extracted from GRACE can also be contaminated by glacial isostatic adjustment and crustal deformations caused by major earthquakes [38, 39] . A glacial isostatic adjustment (GIA) correction has been applied based on the model from Geruo et al. [40] .
SM and SWE Data from GLDAS.
Groundwater, soil moisture, and snow water are the significant contributors to the regional water storage observations. However, as reliable and spatially continuous measurements of soil moisture are not currently available, output from sophisticated land surface models driven by the Global Land Data Assimilation System (GLDAS) is used to provide SM and SWE estimates [41] . GLDAS is a data simulation system that incorporates in situ ground measurements and satellite-based observational data products using advanced land surface modelling and data assimilation techniques. GLDAS consists of four land surface models, namely, Noah [42] , Community Land Model (CLM) [43] , Mosaic [44] , and Variable Infiltration Capacity (VIC) [45] . Tiwari et al. [46] compared the modelled groundwater anomalies from four hydrological models, including Noah, the Mosaic model, the Climate Prediction Center (CPC) model, and the Community Land Model (CLM), and concluded that the use of these different models would not notably affect the estimate of groundwater storage. For the purpose of simplicity, the GLDAS Noah model is applied to obtain the SM and SWE at a spatial resolution of 1 ∘ and monthly temporal resolution. Time-series records of ΔSM of a spatial resolution of 1 ∘ × 1 ∘ and the total depth of ΔSM in Noah (4 layers) are 2.0 m. Based on the studies by Dai et al. [43] and Shamsudduha et al. [47] , the four land surface models (LSMs) do not include groundwater storage and soil moisture changes in deep unsaturated soil.
Datasets for Results Verification.
According to the Ministry of Water Resources (MWR), China is divided into 10 river basins ( Figure 1 ). The quantity of groundwater resources of the ten river basins is published in Water Resources Bulletin of China, which is issued annually by the MWR (http://www.mwr.gov.cn/zwzc/hygb/szygb/) and called WR datasets for short. The quantity of groundwater resources in each river basin is approximately the sum of groundwater resources in administrative regions, which is evaluated based on natural groundwater recharge by water managers in each province. The WR datasets cover the period from 1997 to 2014. However, the data of groundwater resources for each river basin (RB) is only recorded since 2005. As such, only data from 2005 to 2012 is available for this study.
GWS changes for the Song-Liao Plain and the HuangHuai-Hai Plain can be collected from the reports of monthly groundwater observations issued by the MWR (http://www .mwr.gov.cn/zwzc/hygb/dxsdtyb/), which is called GWS datasets for short. GWS changes are the products of the changes in groundwater level in observation wells between the month of this year and the same month of last year, specific yield, and the calculation area, which is estimated by water managers in each province. The scope of this investigation mainly covers the Huang-Huai-Hai Plain (HHHP) and the Song-Liao Plain (SLP). Monthly reports of the changes in groundwater levels are published for the period of January of 2010 to December of 2014. This period covers 60 months, but three of the months (February, March, 2013; March, 2014) have no data. Groundwater storage changes in these three months are set to be zero.
Results
The study area consists of six river basins and two plains in Northern China, which are highlighted in different colors ( Figure 1 ). The quantity of groundwater resources in the whole of Northern China can be considered to be approximately the sum of the resources in the river basins of Northern China. To compare the results from official statistical reports with GRACE-derived results, the WR and GWS datasets in the report need to be presented in the same way as the satellite data. That is to say, observed groundwater resources change is calculated by the quantity of groundwater resources for a given year minus the average groundwater resources from 2004 to 2009. Groundwater storage variations are expressed as Equivalent Water Height (EWH) in cm. Note that the MR datasets stand for the quantities of groundwater resources, and GRACE-derived results are groundwater storage anomalies. The quantities of groundwater resources mainly depend on the recharge of groundwater. However, the GRACE-derived GWS depends on the imbalance of recharge and discharges of groundwater.
Comparison of GWS Changes from GRACE and the WR
Datasets. The water resources bulletin by MWR lists groundwater resources for six river basins (the Songhua RB, the Liao RB, the Hai RB, the Yellow RB, the Northwestern RBs, and the Huai RB) from 2005 to 2012. In the bulletin, the yearly groundwater resources of six river basins are evaluated from precipitation infiltration and recharge of surface water. GRACE-derived GWS for this period is −0.13 cm EWH. The standard deviation (SD) of annual average change in groundwater resources in Northern China based on the official statistics is 0.21 cm EWH, less than that of GRACEderived GWS of 0.60 cm EWH. Over the period of 2005 to 2012, the annual change in groundwater resources from official bulletins (the black line) is not well correlated with the GRACE-derived GWS annual change (the red line), as indicated by the linear correlation coefficient of 0.50. Figure 4 shows the area of the river basins and correlation coefficient between groundwater resource variations from the official reports and GRACE-derived GWS variations for the river basins in Northern China. It can be seen clearly that the correlation coefficient ranges from −0.38 to 0.67. The correlation coefficients for the Songhua RB, the Huai RB, and the Northwestern RBs are all above 0.55. However, the correlation for the certain parts of Northern China, such as the Yellow RB, is very poor. The correlation coefficient is −0.38 for the Yellow RB, −0.08 for the Hai RB, and 0.22 for the Liao RB. The poor correlation is probably caused by two main reasons: (1) the amount of groundwater extraction is the dominant component of the changes of groundwater storages; (2) GRACE-derived groundwater storage usually represents the change of mass in the entire depth of aquifer, which probably does not coincide with the depth of aquifer in the water resources bulletin.
Comparison of GWS Changes from GRACE with the GWS Datasets.
Monthly reports of groundwater storage in Northern China by MWR summarize groundwater storage changes estimated from water level data from observation wells in the Song-Liao Plain and the Huang-Huai-Hai Plain (Figure 1 ). These data are called GWS datasets hereafter and are used for comparison with GRACE-derived GWS variations. Figure 5 shows the comparisons between the monthly measured and GRACE-derived GWS variations in the Huang-Huai-Hai Plain and the Song-Liao Plain. Figures 5(a) and 5(b) show that the agreement between the monthly measured and GRACEderived results varied substantially from month to month, but the overall pattern of monthly changes of both GRACEderived and measured GWS variations is very similar. However, the curves of GRACE-derived results show greater fluctuations over most months except in the Song-Liao Plain in 2011, probably because the measured GWS variations are estimated from point-based observation wells and errors incur from improper estimation method. The correlation coefficient between monthly measured and GRACE-derived results reaches 0.60 and 0.30, in the Huang-Huai-Hai Plain and the Song-Liao Plain, respectively. The poor match of monthly GWS changes in the Song-Liao Plain is mainly caused by the poor observation data in 2011 and 2014, and the measured range is concentrated in the plain area of these two plains. Besides, groundwater storage change in the Song-Liao Plain is probably not the dominant component of TWS, and thus neglecting the changes of surface water in (1) would cause errors when separating GWS from TWS. The correlation coefficient will reach 0.57 in the Song-Liao Plain when excluding the data in 2011 and 2014.
The 12 months in a year are divided into 4 seasons in China: March to May, June to August, and September to November belong to spring, summer, and autumn, respectively, and winter contains the remaining 3 months. In terms of quarterly scales, the correlation coefficient between the GRACE-derived and measured groundwater storage variations ranges from 0.61 to 0.89 during the period from 2010 to 2015 in Huang-Huai-Hai Plain (shown in Figure 6(a) ). Generally, the measured GWS variations are larger than the GRACE-derived values. In the Song-Liao Plain, the correlation between the two series also gets higher compared to the monthly scales. The coefficient varies from 0.66 to 0.93, and the correlation reaches the largest in autumn. In addition, the fluctuation amplitude of the measured result is larger than that of GRACE-derived (Figure 6(b) ).
Comparisons between yearly changes of GRACE-derived and measured GWS variations are shown in Figure 7 . The correlation coefficient between the two yearly results is 0.60 and 0.71, in the Huang-Huai-Hai Plain and the SongLiao Plain, respectively. The GRACE-derived yearly average depletion rate of groundwater is 0.67 cm yr −1 EWH in the Huang-Huai-Hai Plain, which is reasonable when compared with the previous studies in the North China Plain (Table 1) , where the North China Plain is a part of the Huang-Huai-Hai Plain. The discrepancy in Figure 7 may be caused by the measurement error of GRACE-derived GWS and the inconsistent calculation area between GRACE data and data from official reports. Figure 8 shows the change of GRACE-derived GWS variations with time in the Northern China and two river basins (the Huai RB and the Northwestern RBs). The gridaveraged depletion rate of groundwater in Northern China is 0.17 cm yr −1 EWH from 2003 to 2012, which means that groundwater storage in Northern China decreases at a rate of about 1.70 billion m 3 yr −1 (shown in Figure 8(a) ). According to the official statistics of groundwater resources utilization [48] , yearly increment of groundwater pumping is 2.50∼2.60 billion m 3 from 1970 to 1999. The two sets of data record are basically consistent in order of magnitude, which suggests that GRACE-derived GWS variations are reasonable.
Depletion Rate of Groundwater in Northern China.
The solid and dashed lines in Figure 8 (b) represent the measured and GRACE-derived GWS variations, respectively. The correlation coefficient in the Huai RB and the Northwestern RBs is 0.62 and 0.56, respectively, which indicates that GRACE-derived results are reasonable (Figure 8(b) ). The difference between the two results may be due to the fact that the area of the statistics is not exactly the same. Besides and 0.04 cm yr −1 , respectively. Results indicate that the GWS variations vary in different river basins. Figure 9 shows the GWS variations in six river basins. The -and -axes represent the yearly average GWS changes and the rate of change of GWS, respectively. The bubble size stands for the standard deviation of GRACE-derived GWS changes. Five of the river basins (the Songhua RB, the Hai RB, the Yellow RB, the Liao RB, and the Huai RB) are located in the bottom left corner, where groundwater storage shows a decreasing trend from 2003 to 2012 and the average 8 Geofluids annual GWS change is negative, suggesting that groundwater overdraft is serious and better groundwater management is required. A large bubble size suggests that GWS changes are highly variable from year to year in the period from 2003 to 2012. As far as the standard deviation of GWS change is concerned, the Hai RB has the largest bubble size with a SD of 2.58 EWH.
Depletion Rate of Groundwater in Some Provinces.
The Central Route of the SNWT Project (Figure 2 ), which runs across Hubei, Henan, and Hebei provinces from the south to the north of China, was constructed in 2014. In this study, regional GWS changes in the Jing-Jin-Ji region and Henan province are estimated using GRACE data from 2003 to 2012 (Figure 10 ). Jing-Jin-Ji region has the yearly depletion rate of groundwater storage with 0.70 cm yr −1 EWH (Table 2 ). Henan province also shows a yearly depletion rate of groundwater at 0.21 cm yr −1 EWH. The trend in GWS change also implies that the implementation of the SNWT Project will slow the depletion of stored groundwater in Henan province and Jing-Jin-Ji region.
It is noted that GRACE data processing may not be a critical issue over large basins (e.g., area ≥10 6 km 2 ) because bias and leakage offset each other but may be problematic for applying GRACE data to small basins less than the GRACE footprint [49] . The GRACE footprint is estimated to be ∼200,000 km 2 based on the inherent resolution as a result of the satellite evaluation (∼450 × 450 km = ∼200,000 km 2 ) [50] . In fact, recent researches confirm that a great progress has been made in the spatial resolution with the improvement of processing technology and algorithm since 2010, and working on areas of minimum 300 × 300 km seems reasonable. Therefore, we select the provinces with larger areas (>90,000 km 2 ) to analyze the changing rates of GWS in Northern China (Table 2 ). It can be found that all these coastal provinces (Liaoning, Shandong, and Jing-Jin-Ji) have groundwater depletion at various rates in Northern China. Shanxi province has the highest depletion rate of groundwater storage (1.01 cm yr 
Discussions

Gridded Uncertainty Estimates.
Errors in the restored TWS anomalies include GRACE measurement error in monthly gravity filed solutions [51] and leakage error (leakage error here includes both bias and leakage errors defined in our study). The leakage error results from the deviation from the filtered TWS anomalies applied with the same scaling factors and original TWS anomalies from a land surface model. Both measurements error and leakage error for each grid cell are available at the JPL website (https://grace.jpl .nasa.gov/data/get-data/monthly-mass-grids-land/). Measurement and leakage errors are assumed to be constant over time for each grid in the gridded products and are assumed in quadrature to estimate the total error for each grid. At the basin scale, measurement or leakage errors of a study basin are spatially correlated and should be lower than those calculated by simply averaging errors of grid cells with a basin. Therefore, to obtain a more realistic error or leakage error at grid cells for the basin, an approach accommodating spatial correlation of errors was used as in the following formulas [28] . [28] and Long et al. [29] .
where mb is the measurement error of a basin; lb is the leakage error of a basin; is the number of grid cells in a basin; subscripts and represent two different grid cells in a basin; var is the measurement or leakage error variance of mean TWS anomalies of a basin; is the area weight at each grid cell in the basin and simplified to 1/ under the assumption of equal contribution from each grid cell to the basin average TWS anomalies; cov is the covariance between two grid cells; is the standard deviation of measurement or leakage error of a grid cell; , is the distance between two grid cells; 0 is a decorrelation-length scale, that is, 300 km for measurement error and 100 km for leakage error; is Earth's radius (6371 km); long and lat denote longitude and latitude of a grid cell.
Following the error analysis calculated based on formula (2), the GRACE TWS errors for river basins and provinces are shown in Table 3 . It can be found that the errors in each river basin and province are generally about 1 cm EWH. Usually, the measurement and leakage errors in Jing-Jin-Ji and Henan provinces are larger than those in river basins, which indicates TWS errors decrease with the increase of the study area. The yearly average GWS variation decreases in almost all the six river basins except the Northwestern RBs, and the Hai RB has the largest GWS variations (−1.03 cm EWH). The change rates of GWS in six river basins and two provinces are negative, and the largest depletion rate appears in the Huai RB, with the value of 0.79 cm yr −1 . Both measurement and leakage errors are largest in Huai RB; the reason may be related to the longer coastline and the stronger human activities. Comparison of the temporal evolution of the simulation results from four LSMs is made in Figures 11 and 12 . It can be found that the surface soil moisture displays large seasonal variation, and the changes of soil moisture variations are basically consistent in the four LSMs (Figure 11 ). However, the amplitude of variation is somewhat different. The Mosaic model displays the largest variability, while the CLM model exhibits lowest variability among the four models. The discrepancies in GLDAS results are due to different model structures among four LSMs. In terms of periodic vibration, all the four LSMs can produce the similar results, and the correlation coefficients are shown in Table 4 . It should be noted that the Noah model is in the best correlation with the (Figure 12(a) ) and the Song-Liao Plain (Figure 12(b) ). Errors of snow water equivalent and soil moisture in GLDAS models (VIC, Noah, Mosaic, and CLM) are calculated from the method proposed by Kato et al. [53] , which are the standard deviations of the trends. The errors in SM and SWE estimation are shown in Table 5 , which shows monthly errors from LSMs [54] . It can be seen that the errors in SM estimation are basically larger than that in SWE estimation, ranging from 0.94 to 5.18 mm. The larger LSMs errors appear in the Huang-Huai-Hai Plain among the two plains, with the value of 4.21 mm. In addition, the Huai RB has the largest LSMs errors among the five river basins, due to its larger SM errors.
Scale Factor
Analysis. GRACE spherical harmonic (SH) coefficients are destriped, truncated at the maximum degree and order of 60, and filtered using a 300 km Gaussian filter. Truncation and filtering tend to attenuate some of the signal [55] . The GRACE signal is consequently restored by multiplying the filtered data with the scale factor. As described in previous studies [17, 29, 56] , the gridded-gain factors are provided from the filtered gridded GRACE data can be downloaded from the website (https://grace.jpl.nasa .gov/data/get-data/monthly-mass-grids-land/). Here, the gridded-gain factors are used to analyze the influences of scale factor on GRACE-derived GWS changes. It is noted that the scaling factor >1.0 represents the process of destriping, truncation, and filtering result in signal loss over most of the land surface. Therefore, the filtered GRACE signal needs to be compensated by multiplying a scaling factor that is generally over 1.0.
Considering the scale factor, comparison of the measured and GRACE-derived GWS anomalies for monthly and yearly scales is shown in Figures 5 and 6 . Amplitudes of GRACEderived GWS variations are generally increased when considering gridded-gain factors. The correlation coefficient between the yearly observed and GRACE-derived GWS 
Summary
Overabstraction of groundwater is an acute and growing challenge in China, especially the arid regions and coastal cities. It is difficult to observe its real-time changes due to groundwater stored underground. Traditional observation wells provide important groundwater data for the effective management of groundwater resources. However, such pointbased data usually represent the change of groundwater storage in localized areas. In most mountainous or remote regions, observation wells are sparse. The launch of the Gravity Recovery and Climate Experiment (GRACE) enables the detection of changes in TWS at large regional scales. In the present study, GRACE data are used to evaluate the changes in GWS in Northern China. Two official observational datasets from MWR in China are used to verify the accuracy of GRACE-derived GWS. In Northern China, GRACE-derived GWS variations show a low agreement with the changes in groundwater resources estimated from the WR dataset from 2005 to 2012, which may be caused by groundwater storage being significantly influenced by groundwater extraction. GRACE-derived GWS variations are compared with GWS dataset by MWR. Correlation coefficient between yearly measured GWS data and GRACE-derived GWS variations reaches 0.60 in the Huang-Huai-Hai Plain and 0.71 in the Song-Liao Plain from 2010 to 2014. However, the correlation coefficient between monthly changes of measured and GRACE-derived GWS variations is low and the agreement between the two results varied substantially from month to month, probably because the point-based measurement may under-or overestimate the change of GWS over the regional scale.
The change of GWS in six river basins and 14 provinces based on GRACE data demonstrates that the average annual depletion rate of groundwater is approximately 0.17 cm yr suggesting that groundwater storage decreased in these river basins during those ten years. Jing-Jin-Ji region and Henan province experience a decreasing trend at the rate of −0.70 and −0.21 cm yr −1 EWH; it is therefore expected that the implementation of the Central Route of the SNWT Project will reduce groundwater storage overuse after displacing water use with surface water. In order to minimize the difference between GRACE-derived GWS anomalies and measured results, the gridded-gain factors are used and compared, which show that the correlation is somewhat enhanced when considering gridded-gain factors, while the effects are not obvious.
Due to the measurement and signal processing, it is inevitable to produce a series of errors, such as measurement error and leakage error. Results suggest that the errors in each river basin and provinces are generally about 1 cm EWH. In addition, errors decrease with the increase of the study area, and both measurement errors and leakage errors are largest in Huai RB. Since the different gravity field and hydrological models vary, large discrepancy may be found among different LSMs in many parts of China. Results in Northern China also found that the patterns of SM and SWE changes among four LSMs (VIC, Noah, Mosaic, and CLM) almost remain the same, and SM errors are overly much larger than SWE errors.
The variability of surface water storage is small in Northern China and usually neglected due to difference in spatial resolution and lack of detailed monitoring data, which will introduce a certain amount of error to the estimation of GWS variations. For example, in studies of the Amazon River basin, the variability in surface water storage accounts for approximately 5% of the variability in TWS [57] . The reliability of GRACE-derived GWS variations in some areas depends on the spatial accuracy of GRACE data and then needs to be further investigated.
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